The production and use of fuel oxygenates has increased dramatically since the early 1990s due to federal and state regulations aimed to improve air quality. Currently, methyl tert-butyl ether (MTBE) is the most widely used oxygenate in gasoline, followed by ethanol. Widespread use of oxygenates in gasoline has been accompanied by widespread release of these materials into the environment. This manuscript provides a review of environmental sources of MTBE and alternative oxygenates, analytical methods available for their detection in environmental samples, their occurrence in the environment with a focus on groundwater, and treatment methods for their removal from gasoline-contaminated water. Accidental gasoline releases from underground storage tanks and pipelines are the most significant point sources of oxygenates in groundwater. Because of their polar characteristics, oxygenates migrate through aquifers with minimal retardation, raising great concerns nationwide of their potential for reaching drinking water sources. As a group, fuel oxygenates present distinct analytical and sample preparation issues. Conventional procedures for the analysis of gasoline constituents have been shown to be insensitive for fuel oxy-433
INTRODUCTION F
UEL OXYGENAT ES have been used in the United States for more than 2 decades (Squillace et al., 1995) . In the late 1970s, oxygenates were added to gasoline as octane enhancers following the phase-out of tetra-ethyl lead. In the United States, the addition of oxygenates to gasoline increased significantly following the Clean Air Act Amendments (CAAA) of 1990, which mandated the use of reformulated and oxygenated gasoline in certain urban regions to reduce air pollution from motor vehicles. To meet the requirements of the CAAA, the United States Environmental Protection Agency (U.S. EPA) initiated the Oxyfuel Program in 1992 and the Reformulated Gasoline Program (RFG) in 1995. The former required the use of gasoline with 2.7% oxygen by weight during the winter months to control carbon monoxide emissions, and the latter required the use of gasoline with 2% oxygen throughout the year in ozone nonattainment areas. In addition, some cities elected to use oxygenate-blended fuels to enhance air quality (U.S. EPA, 1998a) .
Fuel oxygenates can be divided into two chemical categories: ethers and alcohols. Ether oxygenates approved by the U.S. EPA include methyl tert-butyl ether (MTBE), ethyl tert-butyl ether (ETBE), tert-amyl methyl ether (TAME), and diisopropyl ether (DIPE). Alcohol oxygenates include ethanol (EtOH), tert-butyl alcohol (TBA), and methanol (MeOH). The molecular structures of these compounds are provided in Fig. 1 and key physical and chemical properties are provided in Table 1 .
Although the 1990 CAAA required the addition of oxygenates to gasoline, the use of a specific oxygenate was not designated. Historically, the most widely used oxygenate in the United States was MTBE because of its high octane level, low cost of feedstocks (MeOH and isobutylene), low production cost, ease of blending with gasoline, and ease of transfer and distribution. In reformulated gasoline, the percentage of MTBE on a volume basis can be as high as 11 to 15% (U.S. EPA, 1998a). In the United States alone, the annual consumption of MTBE exceeds four billion gallons on an annual basis. MTBE is one of the most commonly manufactured chemicals in the United States and is used almost exclusively in gasoline.
EtOH is the second most widely used oxygenate in the United States. The EtOH fuel industry was created in 1978 in the United States with the passage of the Energy Security Act. The purpose of this program was to increase gasoline availability during the oil embargo and to decrease dependence on imported oil. In 1978, a Nebraska group marketed gasohol, a gasoline containing 10% EtOH by volume. By 1992, 8% of the gasoline in the United States contained EtOH. In 1998, 15% of all U.S. oxygenate-blended gasoline contained EtOH. Of the EtOH used in gasoline, roughly 30% goes to RFG during the summer, 20% to Oxyfuel in the winter, and 50% to conventional gasoline year round to enhance octane and extend fuel supplies (U.S. EPA, 1998a) .
Due to recent problems involving the contamination of drinking water resources by MTBE in the United States, legislation in several states has called for its removal from gasoline. The extent to which alternative oxygenates are 434 DEEB ET AL.
genates, and ether hydrolysis to alcohol under acidic conditions has led to a reassessment of conventional handling techniques for groundwater samples. An evaluation of MTBE's occurrence in drinking water sources over time in three states showed that the frequency of MTBE detection since 1999 appears to be stabilizing in groundwater and slightly decreasing over time in surface water. Recent studies have demonstrated the effectiveness of conventional treatment technologies and the promise of emerging technologies for MTBE removal from contaminated media. However, the removal from water of tert-butyl alcohol (TBA), an impurity in MTBE-blended fuels and an MTBE breakdown product, can be problematic using some conventional technologies such as air stripping and granular activated carbon. These limitations may generate additional problems for water purveyors, regulators, and site managers.
used depends on chemical availability, performance characteristics, production and distribution costs, and potential environmental impacts. In general, ether oxygenates such as DIPE, ETBE, and TAME are water soluble and relatively persistent in the environment. Therefore, as a class of compounds, future uses of ethers may be limited by the same water quality concerns that led to the phaseout of MTBE. The use of MeOH, an alcohol oxygenate, may also be limited by its toxicity relative to other oxygenates. Finally, the use of TBA may be restricted by its toxicity and relatively low octane. As a result, EtOH is the most likely replacement for MTBE, and its use is expected to increase in the United States over the next several years to comply with CAAA oxygenate requirements. In contrast to the United States, fuel oxygenates in Europe are primarily used as octane enhancers. European MTBE production began in 1973, and increased over time to current annual levels of approximately 2.2 million tons, with an expected increase to 3.8 million tons over the next 5 years. However, due to growing concern regarding groundwater contamination by MTBE, alternative octane enhancers have been proposed for use by some European countries. Although TAME and ETBE are already in use, the introduction of ethanol is being discussed .
This paper provides an overview of the uses of oxygenates in gasoline, environmental sources of these compounds (point and nonpoint), analytical methods available for their detection, their environmental occurrence, and technologies available for their removal from contaminated soil and water. This paper focuses primarily on MTBE, with only some discussion of other ether oxygenates and EtOH because there is a limited body of published information on them.
SOURCES
Like other components of gasoline, oxygenates can be introduced into the environment during all phases of the petroleum fuel cycle. Major environmental sources of oxygenates are associated with the distribution, storage, and use of oxygenate-blended fuels. Releases of gasoline or other fuels containing oxygenates include point sources such as (1) releases from underground storage tanks and pipelines, (2) spills at industrial plants and refueling facilities, and (3) accidental spills during transport. Nonpoint sources of oxygenates include exhaust and evaporative emissions from vehicles, stormwater runoff and atmospheric deposition. An evaluation of the relative significance of the potential sources of oxygenates following their release to the environment is discussed below.
Point sources
Storage tank releases. Underground storage tanks (UST) for oxygenated gasoline likely pose the most serious threat to groundwater contamination. The U.S. EPA tracks national leaking underground storage tank (LUST) Although statistics on relative quantities of MTBE released from all sources are lacking, the relative number and magnitude of releases from LUSTs clearly suggests that LUSTs are the most significant source of MTBE in subsurface environments.
Industry releases. Estimated releases of MTBE from industrial activities are reported to the U.S. EPA in the annual Toxics Release Inventory (www.epa.gov/tri). Industrial MTBE releases according to the TRI are presented in Table 2 . Refineries account for most of the industrial MTBE releases, and most of the reported releases are to the atmosphere. In addition, the majority of the releases occurred on-site. Interestingly, there is no distinct correlation between the mass of MTBE released and the increase in MTBE usage after the Clean Air Act Amendments of 1992.
Other. Other point sources of MTBE in the environment include releases from recreational vehicles, and accidental spills during transport and fueling. Surface water sources are impacted by MTBE primarily as a result of recreational boating. Releases of unburned fuel from watercrafts during recreational activity are most problematic for inefficient two-stroke engines, which can release up to 30% of their fuel unburned (Reuter et al., 1998) . However, modeling studies suggest that MTBE is not likely to persist in surface water bodies because of volatilization (Pankow et al., 1996; .
Due to limited or unavailable nationwide data, it is not possible to quantify MTBE releases during transport, for example, tank ships and barges, trucks, train cars, facilities, and pipelines. For example, although the U.S. Coast Guard tabulates spill data from 1969 to the present for a range of transportation incidents related to the transport of hazardous and nonhazardous chemicals and oil, the data are reported in broad categories (such as liquid chemical spills and oil spills) rather than for specific chemicals (www.uscg.mil/hq/g-m/nmc/response/ stats/ac.htm).
Small spills, which are defined as less than 1 gallon, may occur at various stages of fuel handling. Numerous discreet spills associated with refueling have been suggested as a significant mechanism for groundwater contamination Maine Department of Health Service, 1998) . For example, MTBE was detected in groundwater in Maine in areas that did not contain LUSTs. However, a recent modeling analysis suggested that small refueling spills do not represent a significant threat to groundwater because the majority of MTBE would be expected to volatilize prior to reaching the groundwater table. In contrast, discrete spills 436 DEEB ET AL. Source: Data downloaded (in pounds) from USEPA's Toxic Releases Inventory at www.epa.gov/triexplorer/chemical.htm from ruptured gas tanks or backyard disposal are expected to result in detectable concentrations of MTBE in groundwater. The impact of such releases to groundwater is strongly dependent on site hydrogeology. Ultimately, it is estimated that small spills represent a minor source of MTBE contamination to soil and groundwater compared to releases from LUSTs . Although the use of MTBE in fuels is typically restricted to gasoline, recent studies on fuels in Connecticut (Robbins et al., 2000a (Robbins et al., , 2000b confirmed the presence of MTBE in heating oil (at 9.7 to 906 mg/L) and diesel fuel (74 to 120 mg/L). Further, a review of 78 case files involving heating oil releases reported MTBE in groundwater at 73% of the sites, with concentrations exceeding the federal drinking water advisory levels of 20 mg/L at 32 to 46% of the sites (Robbins et al., 1999) . The source of MTBE in these heating oils and diesel fuels is not fully known but is likely to be related to mixing of some gasoline with other fuels in incompletely emptied tanker trucks and other transport facilities. Also, it is not known whether this type of impurity is a nationwide phenomenon.
Nonpoint sources
In addition to point sources, MTBE can contaminate water resources from nonpoint sources such as atmospheric washout and urban runoff. MTBE enters the atmosphere from exhaust and evaporative emissions. Once in the atmosphere, MTBE is primarily removed by photochemical degradation and to a much lesser extent, by precipitation . In urban settings, the partitioning of MTBE to precipitation can result in low but detectable (.1 ppb) concentrations of MTBE in surface water. This is suspected to be the case in shallow urban groundwater in areas such as Denver, New England, and elsewhere Pankow et al., 1997) . Although a study on urban runoff of MTBE reported that 7% of 592 stormwater samples tested positive for MTBE (Grady and Casey, 1998) , a subsequent study of dry season urban runoff suggested that only a small percentage of MTBE discharged to receiving water bodies occurred by this mechanism (Brown et al., 2001) .
ANALYTICAL METHODS
Over the past several years, U.S. EPA started requiring the monitoring and reporting of oxygenates in groundwater at all LUST sites nationwide. The selection of the appropriate analytical method depends on the target oxygenates. Fuel oxygenates are typically divided into two groups for analytical purposes, ether oxygenates/TBA and EtOH/MeOH. The most commonly used methods for ether oxygenates and TBA include EPA methods 8021 (photoionization detection) and 8260 (mass spectrometry), and to a lesser extent method 8015 (flame ionization detection) (Jaros, 2001; Rhodes and Verstuyft, 2001 ). However, the less expensive 8021 and 8015 methods are not as effective for MTBE, and consequently should be verified with EPA method 8260.
A recent study evaluated three purge-and-trap methods commonly employed at LUST sites (Halden et al., 2001) . Consistently, good results were achieved with EPA method 8240B/60B (mass spectrometry) and ASTM method D4815 (flame ionization detection) for MTBE, TBA, ETBE, TAME, and DIPE in reagent water with gasoline. EPA method 8020A/21B (photoionization detection) was reported to be unfit for TBA analysis because it yielded false positives for MTBE when TPH levels exceeded 1 mg/L. For all three methods, detection limits were sufficiently low (ppb levels). In addition, a method using purge-and-trap followed by gas chromatography/mass spectrometry operated in the selected ion monitoring mode yielded a detection limit for MTBE in the low part-per-trillion range (Ekwurzel et al., 2001) .
EtOH and MeOH are more difficult to determine in environmental samples because these compounds are highly polar, and therefore difficult to measure using purge-and-trap techniques. Although direct aqueous injection based gas chromatographic methods (EPA 8260 or a combination of methods 5031 and 8260) are effective in measuring part-per-million levels of EtOH and MeOH, the sensitivity is limited by the small injection volume and the presence of water, which affects both the column and detector performance (California MTBE Research Partnership, 1999; Achten and Puttmann, 2000; Cassada et al., 2000; Black and Fine, 2001) . Analytical methods involving solid phase microextraction (SPME) are promising for EtOH and MeOH, as well as for ether oxygenates. SPME involves the partitioning of analytes from water to a sorbent material bound to a fused silica fiber, which is then placed into a narrow-bore gas chromatograph for thermal desorption and analysis. The selectivity of SPME for different classes of compounds in highly dependent on the nature of the sorbent utilized, but detection limits at the part-per-billion levels and below were achievable (Black and Fine, 2001) .
In an effort to provide technical information regarding appropriate sample collection, handling and analytical procedures for fuel oxygenates, EPA released on a fact sheet titled "Analytical Methodologies for Fuel Oxygenates." This fact sheet focused on two issues, analytical obstacles, and ether hydrolysis (i.e., MTBE to TBA) when water samples are preserved using acid and heated for analysis. EPA recommended the use of a base (such 
OCCURRENCE DATA
The Clean Air Act, Clean Water Act, and Safe Drinking Water Act do not require the monitoring of fuel oxygenates in air, surface water, groundwater or drinking water . As a result, with the exception of MTBE, the environmental occurrence of fuel oxygenates is not well documented. This is especially true for EtOH, which has neither a drinking water standard nor an advisory limit. In addition, there is very limited occurrence data for ETBE, TAME, and DIPE. TBA occurrence data is increasing of late because of interest in MTBE and its potential biotic breakdown to TBA, as well as its hydrolysis to TBA following sample preservation with acid (U.S. EPA, 2003) . TBA is also found as an impurity in MTBEblended fuels.
Prior to the mid-1990s, occurrence data for MTBE in drinking water sources were only sparsely available. The interest in MTBE contamination of drinking water supplies increased dramatically after several studies were conducted to quantify the impact of MTBE contamination on drinking water supplies nationwide. Early reports suggested that the total percentage of wells impacted with MTBE was approximately 5% . A report issued by U.S. EPA's Blue Ribbon Panel on Oxygenates in Gasoline (1999) suggested that 5 to 10% of community drinking water supplies in high MTBE use areas had detectable MTBE, with 1% of those exhibiting MTBE concentrations exceeding 20 mg/L. In addition, a study estimated that an upper bound of 1.2% and a lower bound of 0.3% of California's groundwater supply wells were impacted by MTBE (University of California, 1998) .
To supplement previously published MTBE occurrence data, we obtained recent MTBE monitoring data for drinking water from several states. States were chosen based on geographical distribution, the type of existing state regulations and the amount of previously published occurrence data. MTBE occurrence results from California, Massachusetts, and Maryland are presented first, followed by a comparative analysis case study of MTBE occurrence relative to other oxygenates in Southern California.
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DEEB ET AL. Source: CalDHS database (www.dhs.cahwnet.gov/). a Standby, inactive, destroyed, and agricultural wells were excluded from the analysis, which only addresses drinking water supplies currently in use; b detection frequency refers to the percent of sampled sources with MTBE concentrations greater than 3 mg/L; c sources in the database were either a mixture of groundwater and surface water, or were not easily classified using the available online sampling data.
California
Current drinking water standards in California for MTBE are 13 mg/L (primary health-based standard) and 5 mg/L (secondary standard, based on taste and odor concerns). MTBE detection data in California public drinking water sources presented in Table 3 and Figs. 2 and 3 were obtained from the California Department of Health Services database and represent samples collected before January 1, 2002. Although some MTBE data was collected prior to 1997, California did not require monitoring for MTBE until 1997. The data reveal that the number of MTBE detections in California surface and groundwater sources increase until 1999, after which they level off or decrease (Figs. 2 and 3 ). This trend is also observed when data are presented as a percentage of the number of sources sampled (Table 3) . One possible explanation for the recent decrease in surface water detection is the impact of new regulations such as watershed protection measures prohibiting the use of two-stroke engines on numerous California reservoirs. Sampling patterns may also affect the data. For example, although MTBE sampling is required in California for public water supply sources, it is not required annually, and only 36% of drinking water sources were sampled for 3 or more years between 1995 and 2000, while only 1% were sampled annually (Williams, 2001) . Further, frequent preferential sampling of the most susceptible water systems could result in higher reported MTBE detections in the mid-1990s and an overestimate of the total percent of impacted drinking water sources in the state. It is important to note that MTBE occurrence data in California, Massachusetts, and Maryland are not necessarily representative of MTBE occurrence in states nationwide. However, the data indicate that MTBE detections in drinking water supplies are likely stabilizing in frequency since 1999 in these three states. Decreasing MTBE detections and concentration trends are likely to be observed as LUST sites are remediated and as the use of MTBE declines in the future.
MTBE occurrence relative to other fuel oxygenates: A case study
Although oxygenates other than MTBE have not been typical contaminants of concern at LUST sites nationally, monitoring for these compounds has recently been required by some agencies. For example, the Los Angeles Regional Water Quality Control Board (LA RWQCB) routinely requires analysis for TBA, TAME, DIPE, ETBE, and EtOH in addition to MTBE at gasoline-impacted sites. Evaluation of groundwater samples collected within approximately 5 square miles in West Los Angeles (Charnock drinking water wellfield) in 2001 revealed MTBE contamination in 33% of the samples with a maximum value of 23,000 mg/L and TBA contamination in 22% of samples with a maximum value of 3,400 mg/L (Table 6) . These values significantly exceed the California Public Health Goals for MTBE and TBA of 13 and 12 mg/L, respectively. In contrast, TAME, DIPE, and ETBE were detected in 2.3, 3.4, and 0.3% of samples, respectively, at concentrations that never exceeded 25 mg/L. EtOH was also detected in 2.5% of samples at a concentration of 740 mg/L. The results from this wellfield study indicate that MTBE and TBA are the primary oxygenates of concern at this site, and that the TBA is of special concern because it is more difficult to remove from water than MTBE and has low regulatory standards for drinking water and discharge.
Another study conducted by LA RWQCB evaluated 629 groundwater samples from 73 sites in the Los Angeles area (Rong, 2002) . MTBE was detected in 72% of the samples, TBA in 33% of samples, TAME in 8% of samples, DIPE in 14% of samples, and ETBE in 2% of samples (Table 7) with mean MTBE and TBA concentrations of 7,100 mg/L and maximum concentrations 440 DEEB ET AL. above 100,000 mg/L. In this wider area study, MTBE and TBA were again the primary contaminants of concern; however, TAME and DIPE were found at high enough concentrations to warrant concern.
TREATMENT
The hydrophilic nature of MTBE, coupled with its detection in groundwater at LUST sites nationwide, has caused environmental cleanup managers and regulators to reassess cleanup strategies at gasoline-impacted sites. Prior to the emergence of oxygenates at LUST sites, the typical remedial strategy involved the removal of free product and soil remediation to eliminate continued sources of gasoline releases, followed by either active plume remediation or reliance on natural attenuation. The occurrence of MTBE at LUST sites prompts a number of concerns regarding the feasibility and cost-effectiveness of soil and groundwater remediation, including doubts about whether natural attenuation could be exploited as a component of site cleanup strategies. The following sections discuss the potential for success of active and passive remedial strategies at MTBE-impacted sites.
Active remedial approaches at MTBE-impacted sites
Many of the conventional technologies used for remediation of gasoline-contaminated sites have been shown to be effective at removing MTBE from soil and groundwater, albeit with less efficiency and higher cost (Bruce et al., 1998; Creek and Davidson, 1998; Mortensenn et al., 2000) . Removal of MTBE from soils by soil vapor extraction and multiphase high-vacuum extraction have been widely used for LUST cleanups while removal of MTBE from aquifers using conventional pump-and-treat technologies or in situ air sparging has been shown to be effective (California MTBE Research Partnership, 2003) . The success of air stripping and granular activated carbon in removing MTBE from groundwater as a component of pump-and-treat has also been documented (California MTBE Research Partnership, 2000 , 2002 Deeb et al., 2001b) . In addition to conventional technologies, several emerging in situ and ex situ technologies have shown great promise in field studies for MTBE removal from contaminated media. Promising in situ technologies include chemical oxidation (U.S. EPA, 1998b; Leethem, 2001) , bioremediation/bioaugmentation (Salanitro et al., 2000; Steffan et al., 2001; Wilson et al., 2002) and phytoremediation (Burken and Schnoor, 1998; Newman et al., 2000; Rubin and Ramaswami, 2001; Zhang et al., 2001) while ex situ technologies include sorption on synthetic resins (Annesini et al., 2000; California MTBE Research Partnership, 2000; Davis and Powers, 2000) , advanced oxidation processes (Kang et al., 1999; Cater et al., 2000; Chang and Young, 2000; Stefan et al., 2000; Acreo et al., 2001; Safarzadeh-Amiri, 2001; Malcolm Pirnie, Inc., 2003) and biological treatment (Yeh and Novak, 1995; Deshusses, 1999a, 1999b; AcunaAskar et al., 2000; Deeb et al., 2000a Deeb et al., , 2000b Deeb et al., , 2001a Salanitro et al., 2000; U.S. EPA, 2000; Bradley et al., 2001a Bradley et al., , 2001b Finneran and Lovely, 2001; Hatzinger et al., 2001; Landmeyer et al., 2001; Steffan et al., 2001; Dupasquier et al., 2002) . Other promising ex situ technologies that have not yet been tested at the field level include the use of membranes or solvent extraction for the removal of MTBE from groundwater (Choi et al., 2000; Keller and Bierwagen, 2001; Vane et al., 2001) .
The presence of TBA in groundwater, either as an impurity in MTBE-blended fuels or as a biodegradation byproduct of MTBE, is of concern regarding the effectiveness and cost of water treatment and/or site remediation. This is mainly due to the fact that TBA is highly polar, is only weakly sorbed to activated carbon, and cannot be removed from water by conventional (standard temperature and pressure) air stripping technologies. However, TBA can be removed from water in granular activated carbon and other systems as a result of biodegradation. For example, the success of biologically activated carbon has been recently reported by several vendors including US Microbics (www.bugsatwork. com/SSWM/Bac.pdf). In addition, TBA can also be removed from water using advanced oxidation and reverse osmosis.
The selection of a remedial strategy at an MTBE-impacted site depends on the volume of contaminated soil and groundwater, contaminant concentration and mass, site-specific hydrogeological characteristics, and riskbased or regulatory-driven cleanup objectives depending on land use and aquifer designation. As with any remedial effort, source removal is critical for the success of remediation systems at MTBE-impacted sites. Due to the hydrophilic nature of MTBE, rapid responses to releases of MTBE-containing gasoline are essential to minimize site characterization and remediation costs.
Potential for success of natural attenuation at MTBE-impacted sites
Some recent field investigations have indicated that biodegradation of MTBE in the environment may occur naturally. In some cases, the addition of oxygen to anoxic environments led to measurable increases in the biodegradation rate of MTBE in groundwater (Salanitro et al., 2000; Wilson et al., 2002) . A first-order biological decay constant for MTBE following the introduction of oxygen was reported to be 0.008 per day (giving a half-life of 87 days), suggesting that biodegradation could be a significant mechanism for MTBE attenuation (Salanitro et al., 2000) . However, the cooccurrence of gasoline aromatics has been shown to slow the biodegradation rate of MTBE (Deeb et al., 2001a) , suggesting that MTBE can be most effectively degraded after it has migrated beyond other gasoline constituents in groundwater.
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DEEB ET AL. In addition to the presence of oxygen, the natural attenuation of an MTBE release at a site could potentially be enhanced if the indigenous microbial population at the site has had prior exposure to MTBE and has therefore developed the mechanisms to biodegrade it. Geochemical conditions in the saturated zone, including the presence of electron acceptors and nutrients, as well as favorable pH, also play an important role in determining the success of natural attenuation (Bradley et al., 2001a (Bradley et al., , 2001b .
Considering the observed persistence of MTBE in subsurface environments around the country, it is unlikely that natural attenuation would be an acceptable sole remedy at most MTBE-impacted sites. While it is apparent that MTBE can biodegrade under both aerobic and anaerobic (iron-reducing, sulfate-reducing, methanogenic) conditions, the significant biodegradation of MTBE in aquifers has not be commonly observed. Thus, it is important not to extrapolate laboratory MTBE degradation rates to the field, especially when estimating whether degradation will be rapid enough to sustain significant plume shrinkage over time. Finally, although the potential for success of intrinsic biodegradation as well as other attenuation mechanisms is extremely site-specific, in certain hydrogeologic settings (flat gradients, groundwater flow rates less than 0.1 foot per day), natural attenuation without active remediation may be a feasible alternative for MTBE remediation.
FUTURE RESEARCH NEEDS
Relative to other emerging drinking water contaminants such as 1,4-dioxane and N-nitrosodimethylamine, there exists a significant body of knowledge regarding the environmental fate, transport, sources, occurrence, and treatment of fuel oxygenates. However, even though much has been learned about MTBE and alternative oxygenates over the last decade, there are still knowledge gaps that can be characterized as research needs. Perhaps one of the most important emerging issues related to oxygenates is the validity of the analytical data generated to date. Even though early problems and uncertainties associated with analytical methods have been largely overcome, the extent of ether hydrolysis to alcohols following the preservation of groundwater samples with acid remains unknown. Currently, EPA Method 8260 specifies preservation of groundwater samples by the addition of hydrochloric acid. Under acidic conditions and elevated temperatures, ether bonds may be hydrolyzed leading to alcohol formation. As a consequence, ether concentrations (e.g., MTBE) in groundwater samples may be underestimated while alcohol concentrations (e.g., TBA) may be overestimated. Because MTBE is often the only fuel oxygenate monitored at LUST sites, ether hydrolysis of groundwater samples could potentially mask the true impact of oxygenate contamination and the persistence of these compounds in aquifers.
Another important knowledge gap is associated with treatment technologies for the removal of MTBE and other oxygenates from water. Ex situ treatment of MTBEcontaminated water has been studied extensively with particular focus on granular activated carbon, air stripping, and advanced oxidation processes. Although most of these technologies have been shown to be successful for MTBE removal and are widely used to treat drinking water, most of them are not as effective at removing TBA. Although biodegradation is a promising technology for TBA removal, biologically based treatment methods are not widely accepted for drinking water applications. Hence, one of the research needs associated with oxygenate contamination is a comprehensive evaluation of treatment options for TBA-contaminated water, and approaches to get regulatory approval and consumer acceptance for the use of biological processes for the treatment of TBA-contaminated drinking waters.
With regards to in situ treatment technologies, results from bioremediation demonstrations have shown great promise at MTBE-and TBA-impacted sites. However, several research gaps still exist regarding the applicability of biological approaches at oxygenate-contaminated sites. Although great advances have been made in our understanding of both metabolic and cometabolic MTBE degrading processes, there is a need for better knowledge of how to optimize these processes in the field. In addition, while bioaugmentation with MTBE degraders has been shown to be successful in the field, more research is needed to understand when this activity is necessary and when oxygen or other nutrient supplements are beneficial. In addition, very little is known about the anaerobic biodegradation of MTBE and TBA and micro-organisms have yet to be isolated with these capabilities, making it difficult to speculate on the nature of the biochemical mechanisms responsible for oxygenate degradation and to optimize these degradation capabilities. The state of knowledge regarding the use of in situ bioremediation at MTBE-and TBA-impacted sites is currently limited to aerobic applications. It is clear that oxygen delivery is not effective in many environments, especially when conditions in aquifers are very reduced. Highly reducing conditions are typical of source areas at gasolineimpacted sites.
Prior to the discovery of MTBE at gasoline-contaminated sites, monitored natural attenuation was heavily relied on as a remedial approach as many LUST sites. With the discovery of MTBE and TBA at many sites, a more MTBE AND OTHER OXYGENATES 443 active remedial approach has been required. Perhaps one of the greatest research needs related to MTBE and TBA contamination is the applicability of natural attenuation at MTBE-impacted sites either as a stand-alone strategy or as a component of an active remedial approach. One of the most critical components of natural attenuation is biodegradation, and there are still several knowledge gaps associated with MTBE and TBA biodegradation. Some of these include the need to better understand the factors limiting MTBE degradation in the field, the occurrence of indigenous MTBE-degrading organisms in aquifers, and finally, the development of tools to estimate and validate microbial MTBE biodegradation rates in the field. In closing, several questions arise regarding the pending phaseout of MTBE and the introduction of ethanol as another high-volume oxygenate in gasoline. Although EtOH's properties vary significantly from those of MTBE, and although EtOH's environmental impacts are expected to be different compared to those of MTBE, some recent studies suggest that the use of EtOH may have some negative impacts on groundwater quality (Deeb et al., 2002, and references therein) . One lesson learned from recent events associated with MTBE is the need for comprehensive life-cycle environmental impact studies prior to the use of any chemical in large quantities. Ideally, current scientific knowledge should influence policy makers to avoid replacing one environmental problem with another. In any case, regardless of which oxygenate is used in gasoline, due to the hazardous nature of the components of this fuel, improved efforts are needed to prevent future releases of gasoline into the environment.
